Abstract: The large intrinsic band gap in TiO 2 has hindered severely its potential application for visible-light irradiation. In this study, we have used a passivated approach to modify the band edges of anatase-TiO 2 by codoping of X (N, C) with transition metals (TM=W, Re, Os) to extend the absorption edge to longer visible-light wavelengths. It was found that all the codoped systems can narrow the band gap significantly; in particular, (N+W)-codoped systems could serve as remarkably better photocatalysts with both narrowing of the band gap and relatively smaller formation energies and larger binding energies than those of (C+TM) and (N+TM)-codoped systems. Our theoretical calculations provide meaningful guides for experiments to develop more powerful visible-light photocatalysts.
1.

Introduction
Titania (TiO 2 )-based photocatalysts have received intense attention as promising photocatalytic materials for the decomposition of organic pollutants present in water or air [1] . However, their universal use is restricted to ultraviolent light (λ < 385 nm) due to the wide band gap of titania (~3.2 eV for anatase). Further, photoexcited electron-hole pairs tend to recombine relatively easily in TiO 2 . Both of these factors limit possible applications in photocatalytic materials design. Therefore, it is highly desirable to extend the optical absorption of TiO 2 -based materials to the visible-light region with a low photo-generated electron-hole recombination rate.
In general, doping is one of the most effective approaches to extend the absorption edge to the visible-light range. For example, N-doped TiO 2 is considered to be a promising photocatalyst, and it has been investigated widely, both by experimental and theoretical methods [2] . However, due to strongly localized N 2p states at the top of valence band [3] , the photocatalytic efficiency of N-doped TiO 2 decreases because isolated empty states trap an appreciable proportion of photo-excited electrons and reduce photo-generated current [4] . Besides N-doped TiO 2 , C-doped TiO 2 also shows photocatalytic activity under visible-light [5] . On the other hand, transition metal doping can also promote photocatalytic efficiency, but this is hindered also by the presence of carrier recombination centers and the formation of strongly localized d states in the band gap, which serves to reduce carrier mobility substantially [6] .
Recently, Gai et al. [7] proposed using a passivated codoping approach, consisting of nonmetal and metal elements, to extend the TiO 2 absorption edge into the visible light 2 range. Because defect bands are passivated, it is highly likely that they will be less effective as carrier recombination centers [8] . Recent experiments have reported that the addition of W to N-doped TiO 2 can increase photocatalytic activity under visible-light irradiation significantly [9, 10] . Our theoretical calculations on (N+W)-codoped anatase suggest that a continuum band is formed at the top of the valence band, and that W 5d orbitals locate below Ti 3d states at the bottom of conduction band, which narrows significantly the band gap and enhances visible light absorption [11] . To the best of our knowledge, this study [11] was the first theoretical explanation of how (N+W)-codoped anatase possesses such high photocatalytic activity. To find even more effective photocatalyst materials, one may perform further theoretical calculations of codoping with non-metal and metal elements to guide future experimental work in solar energy materials design.
In this study, we have used a passivated codoping approach to search for appropriate dopants to narrow the band gap of anatase which do not induce gap states, based on first-principles calculations. This aim is to avoid defect states which act as effective carrier recombination centers. In the analysis of the band structures of codoped anatase, it was found that although (C+TM) (TM=W, Re, Os)-codoped systems narrow the band gap slightly larger than (N+TM)-codoping cases, (N+W)-codoped TiO 2 is the more promising photocatalyst due to the narrowing of its band gap and the relatively small formation energies and large binding energies. 3 
2.
Methodology
All of the spin-polarized DFT calculations were performed using the projector augmented wave (PAW) pseudopotentials as implemented in the Vienna ab initio Simulation Package (VASP) code [12, 13] . The Perdew and Wang parameterization [14] of the generalized gradient approximation (GGA) [15] was adopted for the exchange-correlation potential. The electron wave function was expanded in plane waves up to a cutoff energy of 400 eV and a Monkhorst-Pack k-point mesh [16] of 4  4  4 was used for geometry optimization [17, 18] and electronic property calculations. Both the atomic positions and cell parameters were optimized until residual forces were below 0.01 eV/Å. It is well known that GGA underestimates the band gap of TiO 2 significantly (2.0 eV vs. anatase 3.2 eV experimental value). Here, we include the on-site Coulomb correction for the Ti 3d states, the so called GGA + U method [19] , which can partially improve the prediction of the band gap. Here, U = 5.3 eV for Ti, which is in agreement with the optimal value (5.5±0.5eV) [20, 21] ; using this, the calculated band gap of pure anatase was 3.11 eV, which agrees well with the experimental value of 3.20 eV. A variety of U values (1.0, 2.0, 3.0, and 4.0 eV) were applied to the dopants. The calculated results for U=1.0 and 2.0 eV were found to yield a qualitatively wrong metallic ground state as in the standard GGA calculations for W, and Os, and the once the U value was increased to 3.0 eV, the behavior of W-and Os-doped TiO 2 exhibited appropriate semiconductor characteristics. For Re-doped TiO 2 , band gap is not particularly dependent on the U value. Therefore, a moderate value 0f U = 3.0 eV has been applied to TM 5d states, 4 The relaxed (2  2  1) 48-atom anatase supercell was used to construct doped systems. Single O and Ti atoms were replaced by single X (N, C) and TM (W, Re, Os) atoms, respectively. The codoped systems were created by simultaneous substitution of an O atom by an X (N, C) atom and a Ti atom by a TM (W, Re, Os) atom. In principle, the three 5d transition metal elements W, Re and Os served as n-type dopants and nonmetal elements N, C as p-type dopants. It was found that formation of adjacent metal-nonmetal element pairs is more energetically favorable with respect to other configurations. For clarity, we have listed the total energies differences between X-TM nearest-neighbor (1nn), the second nearest-neighbor (2nn) and largest-distance (Lnn, one dopant in the center of the supercell with the other in a corner) doped systems in Table 1 . Here we set the 1nn total energies as zero eV. It shows that almost all of the energy differences are over 0.5 eV for all systems. We also used a 108-atom supercell to test the energy differences of all the doped systems between 1nn and Lnn and they confirmed the results from 48-atom calculations. Therefore, we will select the lowest-energy structures to examine their electronic properties. The supercell system and dopant sites are shown in Fig. 1. 
3.
Results and discussion
Monodoping in anatase
In this section, our main concerns are to investigate the relative difficulty for single-X (N, C) and TM (W, Re, Os) ions to incorporate into the lattice and how to
where the and are the total energies containing impurities (X= N, C; TM=W, Re, Os) and is the total energy of the pure supercell. The formation energies for the different doped systems are considered in this work as a function of the oxygen chemical potential (
, which is a parameter that characterizes the oxygen environment during synthesis [23] [24] [25] . The environment acts as a reservoir, which can give or take any amount of oxygen without changing its temperature and pressure [26] . [29] , and N ions [30] , it 6 configuration of N 2 to calculate nitrogen's chemical potential by many authors [25, 31] . Furthermore, this avoids the introduction of any other impurity atoms into the TiO 2 lattice besides the dopant sources themselves. On the other hand, CO 2 has usually been used to estimate carbon's chemical potential [24] . Similarly, the chemical potentials for W ( W  ), Re ( Re  ) and Os ( Os  ), were also fixed and calculated from the formulae Secondly, we investigated how to modify the band gap of TiO 2 . Therefore, a knowledge of the characteristics of band edges in pure TiO 2 is needed. Figure 4 at the (100) surface of bulk anatase for these three doped systems. The ELF is a scalar continuous function bounded between 0 and 1, and the value of 1 indicates that electrons are fully localized and 0 implies that electrons are fully delocalized or that there is no electron in that place. So the value between 0 and 1 indicates the probability of the formation of an electron-gas-like pair [32] . Figure 4 shows that the degree of electron localization is in the order W > Re > Os, which 
where is the total energy of the codoped system. The formation energies are also summarized in Table 1 one needs to consider the stability of defect pairs. Therefore, we calculated the defect pair binding energy [33] according to eqns. (4) and (5) The ELF is plotted in Figure 5 at the (100) surface of bulk anatase for these three doped systems and the Bader charges are summarized in Tables 2 and 3 [34, 35] . Here, the partial optimized geometries are presented in Figure 6 to compare with Tables 2 and 3. Figure 5 shows that C-W and C-Re bonds exhibit ionic behavior while C-Os shows covalent characteristics. Table 2   10 shows that the C ion has a charge of -1.20 |e| for C@O monodoping, while it is -2.60 |e| for (C+W)-codoping, with more electrons transferring from the W and adjacent Ti atoms to the C ion. The bond length of C-W is 1.868 Å, which is shorter than that of the C-Ti length of 2.196 Å for C@O doping, indicating further that a strong C-W bond forms. For (C+Re), the optimized C-Re bond length is only 1.624 Å, shorter than that of C-W and significantly shorter than that of C-Ti. Therefore, a much stronger interaction between the C and Re ion takes place. For the (C+Os) system, the C-Os bond behavior is different from C-W and C-Re (cf. but produces gap states, which are partially occupied. This implies that the (C+Os)-codoped system is not as promising as a possible photocatalytic material due to the existence of recombination centers. However, the small binding energy of (C+Re)-codoped anatase leads this system to be unstable at high temperatures.
Briefly, considering the findings for band gap narrowing, formation energies, and binding energies, it seems that (N+W) and (C+W) should be promising candidates for photocatalytic materials under visible light irradiation. Therefore, we have plotted the DOS and PDOS for these doping cases (N, C and W as far apart as possible, i.e. the Lnn configuration) in Figure 8 . For the (N+W) system (cf. Figures 8 a&a' ), the value of band gap narrowing is about 1.11 eV, which is smaller than that of 1.37 eV with the formation of an N-W pair. Furthermore, the impurity band locates about the VBM, which is very different from Figure 7a due to no passivation effect. On the other hand, the (C+W) system (cf. Figures 8 b&b' ) exhibits some unoccupied states locating at 13 band gap acting as recombination centers. This is quite different behavior from Figure   7d , in which there are no such unoccupied states which may serve to accommodate recombination centers.
To compare different dopant concentration effects on electronic structure, we selected the best (N+W) and (C+W)-codoped systems and calculated their DOS and PDOS using the GGA+U method with a 108-atom supercell, as shown in Figure 9 . 
Here, ( Therefore, it is more difficult to fabricate these codoped systems.
In conclusion, based on first-principles calculations and analysis of electronic structures, we find that although (C+TM) (TM=W, Re, Os)-codoped systems narrow the band gap to a slightly larger extent than those of (N+TM) systems, (N+TM) has more medium formation energies, which is of greater convenience for synthesis. Band 
